ABSTRACT: Doped metal oxides are plasmonic materials that boast both synthetic and postsynthetic spectral tunability. They have already enabled promising smart window and optoelectronic technologies and have been proposed for use in surface enhanced infrared absorption spectroscopy (SEIRA) and sensing applications. Herein, we report the first step toward realization of the former utilizing cubic F and Sn codoped In 2 O 3 nanocrystals (NCs) to couple to the C−H vibration of surface-bound oleate ligands. Electron energy loss spectroscopy is used to map the strong near-field enhancement around these NCs that enables localized surface plasmon resonance (LSPR) coupling between adjacent nanocrystals and LSPR-molecular vibration coupling. Fourier transform infrared spectroscopy measurements and finite element simulations are applied to observe and explain the nature of the coupling phenomena, specifically addressing coupling in mesoscale assembled films. The Fano line shape signatures of LSPR-coupled molecular vibrations are rationalized with two-port temporal coupled mode theory. With this combined theoretical and experimental approach, we describe the influence of coupling strength and relative detuning between the molecular vibration and LSPR on the enhancement factor and further explain the basis of the observed Fano line shape by deconvoluting the combined response of the LSPR and molecular vibration in transmission, absorption and reflection. This study therefore illustrates various factors involved in determining the LSPR−LSPR and LSPR−molecular vibration coupling for metal oxide materials and provides a fundamental basis for the design of sensing or SEIRA substrates.
P lasmonic nanocrystals (NCs) are promising optical elements for a wide variety of applications owing to their ability to enhance and localize electric fields at an interface at the nanoscale, well below the diffraction limit. 1 This enhanced electric near field can couple to other optical transitions such as excitons, vibrations, and interband transitions to enhance the efficiency of various optical processes such as photoluminescence, 2, 3 photon upconversion, 4−6 solar energy conversion, 7−9 and vibrational spectroscopy. 10−12 Specifically, coupling between localized surface plasmon resonances (LSPRs) and molecular vibrations can improve the sensitivity for detecting vibrational signatures, giving rise to techniques such as surface enhanced Raman spectroscopy (SERS) 11, 12 and surface enhanced infrared absorption spectroscopy (SEIRA). 10, 13 SERS has been extensively studied using Au 11, 14 and Ag 15 NC LSPRs which conveniently appear in the visible spectral region. To demonstrate SEIRA, however, LSPRs must be located in the mid-IR which has been achieved primarily with micron-scale lithographically deposited Au, 16, 17 Ag, 18 and recently Sn:In 2 O 3 10 structures. Particularly, pioneering work of the latter on plasmonic metal oxide SEIRA 10 has already suggested that metal oxide systems can exhibit significantly less long-range coupling effects than classical metals, indicating that these materials can be organized or patterned at higher packing density to produce a higher spatial density of near-field hot spots.
To achieve a higher spatial density of hot spots, one approach is to utilize small colloidal NCs as has been demonstrated with Au nanoparticles for SERS applications.
However, to access the mid-IR LSPR regime for SEIRA applications while preserving small NC sizes, we must consider plasmonic systems beyond that of Au and Ag. Recent developments in colloidal metal oxide NC synthesis and doping have introduced a library of plasmonic materials systems such as Sn:In 2 O 3 , 19−22 In:CdO, 23−25 Al:ZnO, 26, 27 and so forth that exhibit LSPRs over the entire infrared region. These materials derive their plasmonic properties from degenerate doping and are therefore easily tuned to the desired resonance frequency (ω LSPR ) using ionizable defects such as oxygen vacancies and aliovalent dopants, 27−29 redox and photochemical charging, 30−32 or electrochemical modulation in NC films. 22,33−35 Furthermore, the optical properties of metal oxide NCs can be tuned separately from their morphology. This synthetic and postsynthetic tunability opens an opportunity to develop new high density, scalable, and electrically tunable or chemically responsive SEIRA substrates for application such as molecular sensing and catalysis. However, this is contingent upon first understanding the coupling behavior between molecular vibrations and metal oxide NC LSPRs. Such phenomena have yet to be reported and are studied here by a combined experimental and theoretical approach.
In general, coupled molecular vibration−LSPR systems can be modeled using a coupled harmonic oscillator system, 16,17,36−38 assuming the vibrational resonances behave as Lorentzian resonators. This approach, as applied to a lithographically defined gold model system, 16 has shown that the relative cross sections for scattering and absorption, and the relative resonance frequencies of the LSPR and vibrational resonances affects coupling between the two resonances and lead to different Fano lineshapes in the vibrational spectrum ranging from enhanced absorption, typical Fano derivative lineshapes or induced transparency However, for metal oxide systems, this response is expected to differ owing to plasmonic metal oxides being low loss materials that are semitransparent in the IR. Furthermore, in the case of NC films, the interplay of size, shape, and arrangement in determining all of the aforementioned optical parameters must be addressed.
Coupling to vibrational modes is enabled by the concentration of IR light around a plasmonic nanostructure when molecules with resonant modes are present in the adjacent space. Qualitatively, the strength of light concentration adjacent to plasmonic nanostructures, or near field enhancement (NFE), depends upon many factors including carrier concentration, 25 electron scattering, 25,39−42 and corner sharpness 10, 25, 29, 39 (shape). Even higher NFE can be obtained by coupling plasmonic nanostructures in narrow gaps between structures where these "hot spots" can exhibit at least an order of magnitude stronger electric fields compared to those surrounding isolated nanostructures. 43−45 Summarizing our current knowledge of how NFE could manifest in plasmonic metal oxide NC systems, we expect maximum NFE for systems with a high carrier concentration but low carrier scattering combined with a shape with sharp edges, preferably assembled into an extended array, creating inter-NC hot spots. Having outlined these considerations, we synthesized cubic codoped Sn,F:In 2 O 3 as an ideal model system to study the coupling behavior between a metal oxide NC LSPR and molecular vibrations, specifically the C−H vibrations of native oleate ligands. In this work, we demonstrate that the NFE around doped indium oxide NCs is substantial and it facilitates coupling between NCs in self-assembled arrays and further between NC LSPRs and molecular vibrations. Specifically, we share the synthetic protocol for variable-sized colloidal cubes of fluorine (F) and tin (Sn) codoped In 2 O 3 (FITO) and characterize the presence and influence of the near field around these highly faceted NCs. Incorporation of F − dopant into Sn:In 2 O 3 was found to yield more cubic NCs and decrease electron scattering, which improves the quality factor of the LSPR compared to Sn:In 2 O 3 . We report the size-dependent LSPR spectra of FITO, map the NFE around a single cubic NC via scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS), and compare these results with far-field and near-field electromagnetic simulations. Interactions between LSPR modes of adjacent NCs in a chain and in a 2 × 2 array give rise to coupled modes that are mapped via EELS. Molecular vibrations, specifically C−H stretching modes of the surface-bound ligands, are shown to couple to the coupled LSPR modes in NC arrays. The dependence of coupling on the carrier concentration and NC size is apparent in systematic changes in the Fano line shape observed by Fourier transform infrared spectroscopy (FTIR). The interpretation of these results is bolstered by modeling and electromagnetic simulations that enables us to delineate the convoluted dependence of Fano line shape on several parameters such as size of the NC, coupling strength, and LSPR frequency. For this purpose, temporal coupled mode theory (TCMT) was developed in this work as applied to a coupled system of metal oxide LSPRs and multiple molecular vibrational modes.
Results and Discussion. Doped In 2 O 3 NCs were synthesized using standard Schlenk line air-free colloidal synthesis techniques with a synthetic protocol based upon the decomposition of a metal oleate at high temperatures in an organic solvent and in the presence of mixed primary and tertiary amine to yield the metal oxide [see Section S1 in Supporting Information (SI) for more details]. In Figure 1a , scanning transmission electron microscopy (STEM) analyses of different sizes of doped In 2 O 3 NCs are shown, illustrating the tight control on size (edge length) of the cubic FITO ( Figure  1a , low-magnification images for all sizes, and high-resolution images for the 40 nm cubes are in Figure S1 ). The average size (20−120 nm) of the NCs can be tuned by varying the ratio of primary and tertiary amines and the growth time (see SI for details). X-ray diffraction (XRD) shows (Figure 1b ) that FITO NCs possess the cubic bixbyite structure typical of In 2 O 3 , with a strong (100) texture arising from preferential orientation of nanocubes with their square faces lying flat on the substrate.
The optical extinction spectra of the four representative samples as colloidal dispersions do not vary significantly with the size of the NCs (Figure 1c ) because the NCs are isolated from one another. Note that the secondary peak at lower energy for the 105 nm sample is due to coupling between NCs as a result of slight NC aggregation in tetrachloroethylene (TCE). These NCs are all sufficiently small that we expect the electric field inside the NCs to be largely size invariant per the quasi-static approximation 46 that is valid for particle sizes well below the excitation wavelength (here, approximately 2500 nm). In electromagnetic simulations of the optical response ( Figures S2 and S3) , we found that, in this size regime, absorption is dominant and size-independent, while scattering contributes little to the extinction spectra. However, the NC size was found to strongly influence coupling, as discussed below.
Dopant type and distribution inside each NC can significantly impact LSPR spectra and near-field properties. In the case of Sn:In 2 O 3 , carrier mobility and hence LSPR damping are substantially influenced by ionized impurity scattering at dopant sites and oxygen vacancy defects (Sn In
• and C O •• in Kroger−Vink notation). It was recently shown that defect engineering by doping In 2 O 3 NCs with cerium can greatly reduce dopant related ionized impurity scattering, but the achievable carrier concentrations were much lower than those attainable with tin doping. 39 Here, we have instead incorporated fluorine as a codopant with tin in the In 2 O 3 NCs. Fluorine ions likely occupy oxygen sites (F O
• ), contribute free electrons, and can decrease the oxygen vacancy concentration. Since the cross section for ionized impurity scattering is proportional to the square of ionic charge (Z 2 ), F O • defects will scatter electrons more weakly than oxygen vacancies (V O •• ) with the overall effect being that fluorine codoping can reduce LSPR damping while maintaining a high carrier concentration. To understand the effect of fluorine incorporation on far field optical properties, the full-width at half-maximum (fwhm) of the LSPR was used to quantify damping. We compared the simulated extinction spectrum of FITO cubes ( Figure S4 ), with that of Sn:In 2 O 3 (ITO) cubes, using the same geometry for each ( Figure S2 ) to isolate the impact of differences in scattering. The dielectric function of ITO was taken from previously published work, 47 while the FITO dielectric function was determined by fitting spectra of the 20 nm cubes reported here (see SI). The reduction of damping upon incorporation of fluorine is apparent in the narrower LSPR peak of the FITO cubes, as expected. The reduction of ionized impurity scattering in FITO also suggests that higher NFE may be achievable under resonant excitation of these NCs.
The optical spectra and near field map ( Figure 1c and d) reflect the convolution of three fundamental geometric eigenmodes, i.e., corner, edge, and face-centered modes from low to higher energy, respectively. Simulated surface charge maps of a 20 nm FITO NC under excitation at different energies ( Figure 1d , top, 100 nm cube reported in Figure S5 ) show that all of the geometrical modes are of dipolar nature (details of the modeling are reported in Section S2 of the SI). The NFE maps (Figure 1d , bottom) show that the sharp edges and reduced ionized impurity scattering in FITO results into larger NFE (>400) than previously reported values for spherical (∼10) 6 and rod-like ITO (150−160).
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To observe the expected LSPR modes experimentally, we mapped the plasmon-induced near field properties of FITO cubes with high spatial resolution using monochromated STEM-EELS (zero-loss peak fwhm of 0.15 eV), performed in an FEI Titan Themis 3 equipped with a Gatan Quantum ERS electron spectrometer. To extract the LSPRs' spatial and spectral distribution, the global fitting technique of nonnegative matrix factorization (NMF) 48−54 was applied to the recorded spectrum images (Section S4 in SI and Figures S7− S8). Figure 2a shows the three distinct LSPR modes at (0.62 eV/5000 cm ) of a single FITO cube on a 10 nm thick SiN substrate. Even though the excitation mechanism in experimental EELS and optical simulation are different (electrons and photons, respectively), the plasmon peak energies in the EEL spectra are similar to that obtained via experimental FTIR and simulated spectra. The EEL spectra thereby verify the presence of different geometric Nano Letters (Figure 1d ). In agreement with current and previous simulations, 49 these EELS maps are the first direct evidence establishing that plasmonic metal oxide NCs exhibit near-field modes similar to those in faceted gold and silver nanoparticles that have been the key to developing numerous applications of plasmonic materials.
Assembling NCs into extended structures leads to LSPR modes arising from NC−NC coupling that causes both more intense and a higher density of near field hotspots. 43, 55, 56 Recently, Kuznetsov 57 demonstrated computationally that although individual metal oxide NCs have weaker NFE than metal nanoparticles, coupled metal oxide structures have higher volumetrically average NFE than similar metallic nanostructures due to their higher spatial hot spot density. We examined the LSPR coupling of FITO NCs, first by mapping the LSPR modes of small NC clusters on SiN substrates and then by extending our study to mesoscale film of self-assembled NCs. The LSPR modes of both a linear chain of three NCs and a 2 × 2 square array of NC cubes were observed by EELS ( Figure  2b ,c and Figures S9−12) . In both cases, the lowest energy modes spanned the cluster as a single entity and shifted toward lower energy compared to isolated NC due to strong LSPR− LSPR coupling (Figure 2b -ii and 2c-ii). For instance, in the linear structure, the modes at 0.43 ev/3468 cm −1 and 0.68 eV/ 5484 cm −1 , respectively, are localized at the geometrical corners and edges of the overall chain structure. Similarly, for the 2 × 2 structure, the mode at 0.57 eV/4597 cm −1 is localized at the corners of the overall structure. Prior literature 49, 53, 58 on plasmon coupling in clusters of Au nanoparticles has shown that, for closely spaced particles, clusters of NCs behave as a single entity with LSPR modes that extend across the overall structure. Since our system of 105 nm cubes had an average 3 nm face to face separation due to surface bound ligands, which is very small compared to the size of the NC, our observation appears consistent with this expectation. However, alongside the expected assembly spanning modes, we also observed localized internal modes such as one at 0.8 eV, which produces a hot spot localized at the center of the (2 × 2) array. Overall, the EELS maps of these NC clusters prove that coupled and individual metal oxide NCs support the formation of LSPR modes and hot spots, just as for noble metals, so these materials offer a new alternative for applications based on near-field enhancement of infrared light.
For SEIRA in particular, maximizing the effective optical density of a molecular vibration is desired, and this is best achieved by assembling NCs over a large substrate area to create a high density of hot spots with strong NFE. Extended close-packed assemblies of FITO cubes were prepared by drop casting NC solutions on a CaF 2 substrates and drying slowly to yield close-packed layers (Figure 3a) . The optical response of extended arrays of FITO cubes was simulated for each sample size and then compared to the experimental spectra. The simulation employs periodic boundary conditions in two dimensions for a monolayer of NCs on a CaF 2 substrate to approximate the experimental conditions (Section S5 in SI and Figure S13 ). Spectra were calculated using the COMSOL wave optics module while varying the size of the NCs keeping the interparticle distance constant. As the ratio (R = d/a) between interparticle distance (d) and NC size (a) decreases, coupling between the LSPR of neighboring NCs becomes stronger, resulting in a redshift of the LSPR in the extinction spectrum toward lower energy (Figure 3b ). In the experimental extinction spectra, a similar trend is observed as NC size increases ( Figure S14 ). This result demonstrates that in contrast to size independent optical extinction in solution where the interparticle coupling is very weak; in assembled films, the size of the NCs governs the extent of LSPR−LSPR coupling. Moreover, at first look, the decrease in transmittance for larger NCs could be rationalized by an increase in the amount of material in a NC monolayer. However, a closer view of the simulation results shows that losses due to both reflection and absorption contribute to this change in the extinction (Figure 3c ). As R decreases, the effective refractive index approaches that of continuous TCO film, and the larger NC films are substantially reflective. In the simulated spectra, the LSPR absorbance and reflectance redshift as R decreases, while the reflectance monotonically increases in intensity ( Figure S15 ). The absorption is predicted to peak at around 40% of the incident light for 40 nm NC ( Figure S15) .
Simulations of the NFE of infrared light at the energy where extinction is strongest show that the strongest enhancement is in hot spots between assembled NCs (Figure 3d) . As R decreases, the NFE increases (Figure 3e, black) . The influence of NC size on LSPR−LSPR coupling in films is an increase in reflection intensity compared to absorption intensity at larger sizes and increased near field coupling as NC size increases ( Figure 3e ). Next, we will examine the influence of both of these factors on coupling between the LSPR of assembled NC films and the vibrational resonance of C−H bonds in adsorbed molecules.
Coupling between relatively broad plasmonic resonances and sharp vibrational resonances of molecular bonds can result in Fano-type interference ranging from plasmon-induced transparency to plasmon-enhanced absorption. 16, 36, 37 Such resonant coupling effects have been studied using 2D-graphene structures, 59 gold nanorods, 16 and other metallic structures 60 ,61 with infrared resonances. In most of these previous studies, a reflective gold substrate is used, and spectra are collected in reflection geometry. For the plasmonic system consisting of gold nanorods separated from a gold substrate by a thin layer of PMMA, Altug et al. 16 observed that, if the LSPR frequency is resonant with the molecular vibration frequency, the coupling behavior between them qualitatively changes depending upon the ratio of plasmon decay rate to scattering and absorption. If this ratio is less than 1, coupling gives rise to plasmon-induced transparency of the vibrational signal and if it is greater than 1, enhanced absorption is observed. In related works, Altug et al. 36, 37 and Shvet et al. 17 have shown that off resonant coupling results in a Fano-like derivative line shape. All of these observations can be rationalized using coupled harmonic oscillators as a model of TCMT 16, 17, 62 (Figure 4a,b) .
Here, we have studied the coupling between semitransparent (in the IR spectral range) films of FITO NCs on CaF 2 substrates and different C−H stretching modes of NC-bound oleate molecules, which are sharp resonances in the range of (2800−3100 cm −1 , Figure S7 ). Oleic acid is bound to the NC surfaces during colloidal synthesis, and a monolayer remains adsorbed following isolation of the NCs, which allows us to prepare thin films from solvent dispersions. FTIR transmission spectra are recorded at a perpendicular angle of incidence relative to the substrate and reported as extinction (Figure 4c) . The oleic acid vibrational signature is observed on top of an intense LSPR signal (Figure 4c, inset) . To isolate the vibration signal and investigate coupling between the resonators, the transmittance was divided by a polynomial fit to the plasmon line shape (Figure 4c, red) . The derivative shape of the vibrational signal is Fano-like and indicative of coupling. Hence, we anticipate dependence of this line shape on two main parameters, namely, the NC size and the detuning of the LSPR frequency with respect to the vibrational resonance (Δω = ω LSPR − ω vib,avg ).
To examine the spectral changes induced by detuning, we varied the LSPR frequency by synthetically changing the tin dopant concentration in 20 nm NCs. As the free electron concentration increases with doping, the LSPR peak shifts from lower to higher energy relative to the vibrational resonance ( Figure S16 and Figure 4d ). For the lowest energy LSPR, each vibrational band appears as a dip in extinction, indicating plasmon-induced transparency, while for higher energy LSPR the asymmetric Fano-like line shape appears. This indicates that, indeed, the FITO LSPR is coupling to the oleic acid molecular vibrations. We compare this trend to numerical simulations of the coupled optical response ( Figure S16 and Figure 4d ). In the numerical simulation, a two-dimensional periodic structure consisting of a monolayer of ligand coated 20 nm NCs was excited at normal incidence. The simulated extinction spectra were background subtracted in the same way as the experimental spectra to obtain the vibration signature. The LSPRs in the simulations were chosen to match the range of experimental detuning. The simulated spectral profiles matched the experimental results, although the strength of the vibrational signals seems to be overestimated by the simulations, which will be discussed below. The variations in vibrational lineshapes resulting from LSPR−vibrational coupling are attributed to changes in frequency detuning since we do not expect substantial differences in NFE or relative value of reflection to absorption over this narrow energy range.
We expect the NC size to alter the observed vibrational line shape owing to its influence on far field reflection, transmission, and absorption in organized NC films. As observed, the vibrational signal has a Fano-like line shape for a film of 20 nm NCs, which evolves toward plasmon-induced transparency for 40, 65, and 105 nm NCs due to a progressive red shift of the plasmon resonance from positive to negative detuning with increasing size, due to stronger LSPR−LSPR coupling of larger NCs ( Figure S17, Figure 4e ). These trends are counterintuitive relative to the understanding outlined in literature regarding LSPR in conventional metal nanostructures. From prior literature on coupling in classical metal plasmonic systems, 16, 36 we expect a recovery of an asymmetric Fano line shape once the LSPR frequency is red-shifted away from the molecular vibration, such as the case of 65 and 100 nm NC films. Indeed, as explained earlier, the derivative-like Fano line shape did appear when we detuned the LSPR by varying doping (at constant 20 nm size). This contrast between the size dependence and dopant dependence on the line shape suggests that some other size-dependent properties of the NCs, rather than only detuning are responsible for the persistence of the plasmon-induced transparency in the self-assembled films of larger NCs. A closer analysis utilizing numerical simulation is required to explain the trends and is discussed below.
Energy stored in a resonant process like an LSPR gets dissipated to its surrounding via both radiative and nonradiative processes. Here, in the case of a periodic film, the available nonradiative channel would be absorption, and the radiative channels would include both reflection and transmission. In a coupled resonance system, coupling would be exhibited differently in each decay channel. As expected, simulations show that the signatures of coupling in absorption, reflection and transmission differ from each other and depend strongly on the size of the NCs ( Figure S18 ). Background subtracted molecular vibration spectra ( Figure S19) show that, with increasing NC size, the coupling profile in absorption spectra changes from asymmetric Fano-like resonance (20 nm) to a complete induced transparency (40 nm) and then to enhanced absorption (65 and 105 nm). In contrast, the reflection spectra always show a plasmon-induced transparency irrespective of NC size. So, as the relative contributions of reflection and absorption to the measured transmittance spectra change with NC size, the line shape changes from asymmetric (20 and 40 nm) to a plasmon-induced transparency (65 and 100 nm). For 20 nm NC films (for all dopant concentrations), where absorption is dominant over reflection, the absorption spectrum determines the shape of the vibrational resonances in extinction spectra. At the other size extreme, in a 100 nm NC film, it is the vibrational signature in reflection that is dominant in the extinction spectrum. Simulated near-field maps also show that, even though there is higher NFE at the peak LSPR energy with increasing size, the NFE decreases at the actual vibration frequency (2850 cm −1 ) ( Figure S20 ) because the detuning between the LSPR and vibration increases as the larger NCs couple more to each other. This trend explains our observation of a decrease in vibrational signal strength with increasing NC size. That said, the trends in vibrational line shape observed here differ from those in the literature on classical metal systems. To understand this behavior in greater depth, taking inspiration from the works of Altug et al., 16 Haus et al., 63 and Fan et al., 62, 64 we developed a theoretical model to further explain our results.
TCMT analysis used previously to rationalize coupling effects in plasmonic systems based on classical metals cannot be directly applied as it assumes only one optical port with incident and reflected light (Section S6 in SI). For semitransparent (in the IR range) metal oxide films, we need to consider all three components of electromagnetic waves, that is, reflected, transmitted, and absorbed light. With this consideration, we developed a theoretical model to explain the optical properties using two port coupled mode theory.
As shown schematically in Figure 4a , the plasmonic resonators are coupled to incident (s 1+ ) and reflected (s 1− ) light through port 1, and transmitted light (s 2− ) through port 2, where the ± sign signifies an incoming or outgoing wave. LSPR and vibrational resonators are modeled as simple harmonic oscillators. Energy exchange between these resonators occurs due to interaction between the LSPR-induced near field and the vibrational oscillators with a magnitude determined by the coupling rate, μ. This coupled harmonic oscillator system is represented as,
(1)
where, in eq 1, |ϕ(t)| 2 is the energy stored in LSPR resonator, ω LSPR is LSPR frequency of the resonator, γ r is the energy loss rate in reflection, γ t is the energy loss rate in transmission, γ nr is nonradiative energy loss rate, κ 1 is the coupling coefficient to incoming light s 1+ , and μ i is the coupling coefficient to ith vibration resonance, P i. In eq 2, |P i (t)| 2 is the energy stored in the ith vibration resonance, ω v i and γ v i are the central frequency and line width of ith vibrational resonance, respectively.
The energy balance between incoming and outgoing waves is represented by,
where C is the nonresonant scattering matrix and K is [(2γ r ) 1/2 (2γ t ) 1/2 ] T . These equations can then be simplified (for the detailed mathematical derivation, see section S6 in SI) to derive transmission and reflection intensity as, 
where t D and r 1 are nonresonant transmission and reflection, γ tot is the net plasmon loss which equals γ r + γ t + γ nr , θ is the transmission phase, θ 1 is the reflection phase, and γ μ i and ω μ i expressed as
Applying TCMT (eqs 4 and 5, and Figure S21 ), the lineshapes of the vibrational signal in reflection, transmission, and absorption spectra agree between our experimental and modeling results. Derived reflection and transmission equations (eqs 4 and 5) were used to deconvolute the effect of various contributing factors such as plasmon resonance energy decay rates in reflection (γ r ), transmission (γ t ), and absorption (γ nr ) as well as LSPR frequency and coupling constant (μ), in determining the line shape of the coupled vibrational signals.
The sensitivity of the coupled vibrational signal line shape to each of the factors was determined by changing one parameter at a time while keeping all others fixed. Our results show that, as we increase γ t , the coupled vibration signal intensity increases with no change in the line shape of either the reflection or transmission spectrum ( Figure S22 ). The similar behavior was observed when only ω LSPR ( Figure S23 ) or μ ( Figure S24 ) were changed. These trends suggest that the change in vibrational line shape with increasing NC size is due to the synergistic effects of simultaneous changes in decay rates (γ r , γ a , and γ t ).
To verify this hypothesis, the impact of simultaneous changes in relative decay rates γ r /γ t and γ a /γ t while keeping other parameters such as ω LSPR and NFE fixed was examined. This prediction was done for 20 and 65 nm NC films, where the differences in decay rates were maximized. The results of this theoretical prediction reproduced the similar coupling lineshapes as observed in experiments with some difference in signal intensity ( Figure S25 ). This conclusively shows that the vibrational lineshapes are governed by the plasmon decay dynamics. The relative decay rates γ r /γ t and γ a /γ t determine the Fano lineshapes of coupled vibrational−LSPR spectra, and the vibrational signal intensity is determined by several factors such as ω LSPR , NFE, and ligand volume fraction. Our experimental observations, unraveled by both simulations and TCMT, indicate that for semitransparent metal oxide NC films, coupling between the LSPR and molecular vibrations depends not only on the NFE; it also depends on the relative far field resonance decay rates in reflection, transmission, and absorption spectrum. For applications such as SEIRA, sensing, or catalysis, where it is crucial to maximize the interaction between the LSPR and the vibrational resonance, thinking of the system as a whole is crucial. Not only do the NC properties matter, but how they are arranged also impacts the coupling interactions achievable in the system. Since the size and shape impact self-assembly in NC systems, changing one must account for how they impact the final coupled NC spectral properties, which can be strongly dependent on the assembled mesoscale structure.
In conclusion, we discerned the nature of coupling between molecular vibrational modes of the native ligands and metal oxide plasmonic NCs. This was achieved by using colloidially synthesized F−Sn codoped In 2 O 3 cubic NCs of variable size (20−110 nm), which enabled efficient localization of electric fields around the NCs due to low ionized impurity scattering. This study highlights that an innovative synthetic strategy such as codoping can substantially improve the quality factor of metal oxide NCs, providing a favorable alternative to metallic systems. Using EELS, we experimentally mapped the fundamental geometrical LSPR modes in single NCs as well as in small NC clusters, which were previously hypothesized to exist in computational studies. Exploiting the promising NFE properties, these materials were employed to demonstrate and understand the nature of plasmon−molecular vibration coupling for metal oxide systems. Specifically, we investigated the coupling between C−H stretches of native oleate ligands and NC films and showed that the Fano line shape is highly dependent upon the optical decay rates of available pathways, i.e., reflection, transmission, and absorption. This finding is contrary to the popular belief that NFE and optical detuning are the sole factors governing the coupling signature of the interaction between an LSPR and molecular vibrations. Furthermore, the computational model and theoretical TCMT as applied to metal oxide systems developed in this work could be easily extended to other material systems and will facilitate the study of metal oxides in greater depth. Although this study showcases the promise of metal oxide systems for coupling applications, it does not take into account the potential effects of dopant distribution, dopant activation, and molecular vibration orientation relative to the NC surface on the coupling between NC LSPR and molecular vibrations. However, future studies addressing the aforementioned effects will be improvements upon the foundational work presented here that may already be of relevance to potential applications ranging from catalysis, SEIRA, and integrated optoelectronics. We hope that this study will motivate researchers to investigate metal oxide systems toward developing electrically or photo-(chemically) tunable substrates for various mid-IR optical applications.
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